This paper describes a collaborative capstone project on variable lift control for near-space applications. The project was intended to enhance collaborative learning of undergraduate students, assisted by several other organizations, including the amateur radio community, high-school students and teachers.
I. INTRODUCTION
The main objective of the variable-lift project described in this paper is to develop a controlled ascent and descent vehicle to test various mechatronics projects in harsh conditions. In particular, the University of Manitoba Prairie Near-Space Exploratorium is being developed to assist not only in enhancing the experience of university and high-school students, but also in providing a platform to test electronic circuits and mechanical structures related to our projects on a triple picosatellite (code T-Sat) for the Canadian satellite Design Challenge, and a double picosatellite (D-Sat) for the QB50 constellation of satellites. Notice that amateur radio high altitude ballooning is also a growing hobby in North America [1, 2] .
A helium-or hydrogen-filled sounding balloon is used to fly equipment (payload) to a region of the atmosphere called near space. Near space is found between 20 and 100 km (65,000 to 325,000 feet) [1, [3] [4] [5] [6] [7] . At 10 km, the temperatures reach as low as -70° C, and to -90° C at 90 km. At 110 km, it can each +500 to +1500° C. The pressure dips to below 1 kPa [8] , and the cosmic radiation increases significantly with increasing altitude.
The payload includes aviation electronics (avionics) for both conducting experiments and communicating with ground crews. Data communications use amateur radio bands. Typical experiments include taking pictures, recording video footage of the flight, measuring weather conditions at different altitudes, and many other experiments for data collection and analysis. A high altitude balloon with a payload in the box suspended below it is shown in Fig. 1 . The rate of ascent is determined by the amount of lift provided by the lift gas in the balloon and the weight of the payloads. The rate remains constant throughout the flight. When the balloon reaches its maximum size it expands and finally bursts. The payload then begins to free fall back to earth. As the atmospheric density increases the parachutes begins to slow down the craft until it finally touches down. This paper describes a method to control the ascent and descent of a near space balloon, as depicted in Fig. 2 . This is achieved by controlling the amount of gas in the balloon. This approach allows for the reuse of the balloons and a partial recovery of the expensive helium, as well as for their use as an inexpensive platform for testing materials and electronics in the harsh conditions of near space. 
II. SYSTEM DESIGN
The system design was broken down into three parts. The first part included the physical components which consisted of the balloon, airframe, rigging and valve. The second part included the avionics, which included all the on-board electrical and electronic components. The final part included the software necessary for interfacing the components and programming the flight computers. A more detailed description of the project is provided in [9] .
Physical Components
Two balloons were chosen for the design. A 2000 g (4.41 lb) Totex sounding balloon was selected for the flight to near space, and a 1200 g (2.65 lb) balloon was used for testing. The near space capsule was made up of a Styrofoam frame, mylar insulation, ripstop nylon jacket and rigging rings. It housed the avionics. It should be noted that the weight of any capsule is limited to 6 kg (13.2 lb) by regulations set forth by Transport Canada [10] . The tether used for tests and rigging was 50 pound twisted Dacron line. The incorporation of an electric solenoid valve is what made this project novel. The valve was used to vent helium to the atmosphere at high altitudes to prevent the balloon from bursting. The balloon was attached to the hose connector using a metal clamp with a rubber cushion. Once the balloon neck was pulled over the PVC pipe, the clamp was raised and tightened to hold the balloon firmly on the hose connection. The assembled flight train is shown in Fig. 3 . 
Avionics
The avionics include a flight computer, redundancy system, sensors, data logger, solenoid valve driver circuit, voltage regulator, radio communications system, batteries, and printed-circuit boards (PCBs). A block diagram showing the general system structure is shown in Fig. 4 . The flight computer consists of three Arduino Nano controller boards. The system was controlled by two Arduinos through the redundancy system, which was designed to increase the survivability of the flight system in the harsh conditions of near space.
The redundancy system consists of one binary counter, one watchdog timer, eight multiplexers and several logic gates. Arduino A and B share the watchdog timer. Arduino A is the default power up controller. Arduino B is set up in a failover configuration, to take over operations if Arduino A fails. For instance, if the programmed response from Arduino A ceases, it indicates that Arduino A had stopped operating. The watchdog timer then attempts to reset this Arduino. If the reset does not reboot the Arduino and no pulses are generated as the binary counter counts up to 16 (in about 29 seconds), the redundancy system assumes the death of this Arduino, then powers it down, and passes control to the redundant Arduino B. This is accomplished by waking it up from sleep mode, and redirecting I/O from the dead Arduino to the backup using multiplexers. Arduino C monitors and loggs the state of health of the system controllers A and B. Arduino C has its own watchdog timer, although its operation is not crucial to a flight.
There are seven sensors on board, including one thermocouple, two LM35 temperature sensors, one ambient pressure sensor, one balloon internal pressure sensor, a battery voltage indicator, and one Garmin GPS18x LVC unit. Those sensors are interfaced with the system controllers, through a series of multiplexers from the redundancy system, to provide measurements. The data collected by these sensors are stored on-board using an SD card, as well as are transmitted back to the ground crew. In addition, the system controller uses these measurements to control the solenoid valve through the solenoid driver circuit, which includes two IRLZ44 MOSFETs and two 4N29 optocouplers.
The position of the balloon and the measurements taken are broadcast using an amateur radio system. The radio system consisted of a host, a terminal node controller (TNC), and a transceiver. The host is the system controller, an Arduino Nano, and it passes ASCII encoded telemetry packets, as well as global positioning system (GPS) sentences to the TNC. The chosen TNC is the OpenTracker+ SMT [11] , which is responsible for converting the GPS sentences and telemetry to automatic packet reporting system (APRS) packets, and then converting the APRS packets to audio tones for transmission by the transceiver. The transceiver used is the Alinco DJ-C7T [12] .
There are eight primary AA cells on board to operate the avionics. The Energizer L91 lithium cell is chosen based on its low weight, high capacity, operating temperature range, and affordable price.
In order to balance the avionics, simplify troubleshooting, and provide better thermal management, the avionics are modularized into three separate PCBs. One PCB houses the high efficiency voltage regulators for both the 12 V and 5 V rails. Another PCB houses all the sensors and the TNC. The last board houses the data loggers, the redundancy system, and the three Arduino boards. The three completed board as well as the external sensors can be seen fully assembled and connected in Fig.  5 . They can be seen arranged in the near-space capsule in Fig. 6 . 
Software
Since the flight computer is based on an Arduino development board, a C-language variant is used to do all of the programming. Every Arduino program must contain a setup function and a loop function. The code in the setup function is run once at power up, and the loop function cycles until the board is powered down. The loop function calls additional functions to complete the following tasks:
1. Update location information from the GPS; 2. Adjust the amount of helium in the balloon, if necessary; 3. Read the temperature sensors; 4. Read the voltage sensor; 5. Read the pressure sensors; 6. Log data to the SD card; and 7. Transmit telemetry.
An adjust volume function is responsible for determining whether or not the solenoid valve should be opened to vent helium. It uses two criteria to make this decision: (i) the volume of the balloon and (ii) the pressure difference between the inside of the balloon and the ambient pressure. A flowchart showing the decision process of this function is shown in Fig. 7 . The function first verifies that neither is over 80% of the maximum value specified in the balloon datasheet. If either the pressure difference or volume is over this threshold, the valve is opened. Otherwise the algorithm goes on to calculate the rate of climb of the balloon, and to calculate future values for both the volume and pressure difference. These future values are then checked to ensure that neither is over 85% of the maximum. Again, if either is over the threshold, the valve is opened, and if neither is over, the valve is closed. 
III. COMPONENT TEST RESULTS
This section describes the results of component and subsystem tests. It also describes any design changes that were made as a result of conducting these test.
Physical Components
The insulation capacity of the Styrofoam airframe was tested. The airframe was first heated to room temperature and then left outside, where temperatures ranged from -15° C to -28° C. The results of these tests can be seen in Fig. 8 . The largest rate of temperature change measured was -1.11° C/min. Since this test was conducted in a denser atmosphere than the capsule would be experiencing at higher altitudes, heat loss to convection was larger than what would be experienced during a flight. A detailed characterization of heat transfer in near space can be found in [13] . It is also important to note that this test did not take into account the heat dissipated by the on-board electrical components. However, even if a temperature change of -1.11° C/min is assumed, the temperature in the capsule should not fall below -30° C, which gives a temperature safety margin of 10° C since all components are rated to at least -40° C.
The flow coefficients of the valve and gas release system were determined and a flow rate for the entire system was calculated using the ANSI/ISA75.01.012002 standard [14] . The flow rate of the valve was calculated to be 0.216 m 3 /h, assuming a temperature of 22° C, internal pressure of 102 kPa (14.79 psi) and external pressure of 101 kPa (14.65 psi). However, during the tests, a difference of only 0.5 kPa (0.08 psi) was observed, which reduces the flow rate to 0.108 m 3 /h. It would take 58.46 hours to vent the helium at that rate. Thus, the solenoid valve is inadequate for a near space mission, and must be replaced by a valve that could provide a flow rate two orders of magnitude larger. 
Electrical and Software Components
Through testing, the difficulty of soldering tightly spaced through-hole DIP packages or header pins onto a dry-milled PCB was discovered. For this reason traces only run from DIPs and headers on the underside for drymilled boards. The main controller board was done with a wet-etched board.
While testing, the analog-to-digital converters (ADCs) on the Arduinos produced readings with errors of 2.5 to 5 %. To prevent erroneous readings from affecting system decisions, all readings were reported as the average of 5 consecutive samples. It was also discovered that approximately 10% of GPS sentences were discarded due to failed checksums. The time between GPS readings was increased from 2 to 3 seconds, to ensure that it had received 2 complete updates. This increased the probability of receiving a valid position from 90% to 99%. Having been in a concrete building, the signal strength was lower than that expected during flight, so a failure rate of 1% is a worst case scenario.
During radio system tests, position was relayed over APRS accurately, and became viewable using the APRS.fi website in Finland. Figure 9 shows the result of these tests. The dots represent approximate positions used to test the radio, while the balloon icon shows the position obtained by GPS. The reported position is accurate to within 3 m. A test of the system was also conducted on breadboards to ensure that the batteries would last for a 3 hour flight, and that all the sensor values could be read correctly and stored to the SD card. The results showed that all the sensors worked correctly. Data in the log files matched the expected values. Table 1 shows the duration of each test and the number of files it generated. It was found that fresh batteries would last almost 24 hours. 
IV. TETHERED TEST RESULTS
Two tethered test were conducted in the University of Manitoba Engineering and Information Technology Complex (EITC) Atrium, an open space six-stories high. For these tests the complete system was assembled as it would be for a full outdoor flight. However, a 1200 g balloon was used instead of a 2000g balloon to reduce the amount of helium required for the flights. These test allowed the complete system to be tested in flight. We were able to demonstrate a working system, but were unable to engage in controlled descent. This was due to the insufficient flow through the valve, hence inability to achieve negative buoyancy during the time allotted to the tests.
As shown in Fig. 10 , the pressure in the balloon does decrease during the flight, proving that Helium is being vented. Since the valve opened and closed as desired, the valve can simply be replaced by another solenoid valve with a larger flow rate. With the exception of the valve, everything operated as expected. This demonstrates that this system is capable of achieving its desired goal while meeting all the requirements of any near space craft. 
V. COLLABORATIVE LEARNING
From its conception, this project was reliant on multiple areas of expertise. It could be naturally separated into three different sections: physical components, electrical components, and computer components. For this reason the project was ideal for a three-person team. Each team member was assigned an area of expertise based on previous experience and interest. This was done not only for convenience, but also because the short time frame required a management system that would allow for work to be completed as team as well as individually. While all important decisions were made as a team, most of the detailed work was completed on an individual basis. To ensure effective collaboration, much information was stored in the cload so as to allow each team member easy access to it. This was done through Google docs and Dropbox applications. Thus, all the team members had access to the relevant information from anywhere at any time, using an Internet connection.
Through both good times and difficult ones, many important lessons were learned. These lessons will stay with the team members throughout their personal and professional lives. For starters, it was very important to have a consistent naming and revising system to ensure everyone got the most out of the tools and no work was duplicated. It was also learned that simply uploading information would not guarantee that it would be read or understood. It was learned to summarize particular information of interest to certain people. The team learned that it was important for more then one person to understand any one part of the design. This not only reduces the chance of oversight or error, but also ensures that work can continue in the absence of any one individual. It was discovered that the most progress was achieved when there were clear goals and time-lines that everyone was aware of. This also highlighted the importance of coordinating schedules, since we were all attending different classes at different times. With different workloads, it was important to plan ahead when work needed to be completed as a group. The best results were obtained when a formal framework was in place to manage tasks and time.
The most valuable thing the group learned was how to collaborate with other people and organizations. This project would not have been possible without the knowledge and help of many people. Collaboration with the amateur radio society, industry professionals and professors was key to the completion of the project. While many people were willing to help, and did so, the group needed to learn how to ask for the right help and how to identify the right people to ask for help. This knowledge can be applied by all the group members to all future endeavors. Professionalism and courtesy are crucial, and communications must be diplomatic and respectful.
VI. CLOSING REMARKS
With the cooperation and collaboration of many individuals and groups, the first phase of the design was completed. The final system constructed met the teams goals, and a complete near-space craft was designed and built, with a redundancy system and computer controlled valve. However, to reach the goal of using this as a testing platform for electronics or wide adoption by weather stations, many improvements still need to be made. The most important change is to replace the helium release valve with a high flow valve, as without this change, there will not be a functional emergency abort mechanism. Further the capsule would benefit from a redesign that would reduce weight and include anchoring points for all externally mounted components. The reduction in weight, will allow for higher maximum altitudes. Another way weight can be reduced is by reducing the weight of the PCBs. This can be achieved by using surface mount devices, and by eliminating the terminal blocks and soldering wires directly to the boards. Finally, in the current system, radio communications is only possible one way, from the balloon to the ground station. Two-way communications would allow the radio to be used for an emergency abort. With these changes implemented, the system will be capable of safely flying long missions in near space.
